Introduction can be established only by perpendicular magnetizing methods in which each bit is able to be stored into each
Recently, words such as super information highways, ferromagnetic fine particle composing a magnetic storage multimedia, video-on-demands and interactive communica-medium. Such a possibility in magnetic information storage tions have become popular in the new information communication society. To give full play to their expected performance, information storage systems as well as communication and computer systems are required.
Information storage technology plays a very important role not only in storing a huge quantity of information including sounds and images but also in transporting and distributing it through time as well as space. Hence, major progress in high storage density· is always and fatally required.
Although magnetic data storage has a long history of about a hundred years, it has still increased the areal bit technology will be discussed from theoretical considerations are arranged systematically onto a substrate and a binary and the current situation in high-density recording. Several digital data row can be successively written by polarity ways to realize the possibility will then be proposed. change of magnetization of each particle, we can call this 'spinic data storage'.
Spinic Storage

Principle
A magnetic recording medium is fundamentally an assembly of a great number of ferromagnetic single-domain fine particles. The particles are clusters of electron spins arranged in parallel which contributes to the ferromagnetic properties. If a uniaxial magnetic anisotropy is given to the particle by elongating its shape or by using a material having a crystalline anisotropy, a binary data of '0' or '1' can be stored using only the positive or negative direction of magnetization or electron spin along the easy magnetization axis of the particle or the spin cluster (Fig. 2 ).
We can not call it 'spin memory' because each bit is not stored by the direction of each electron spin. However, we can call this 'spin caluster memory' or 'spinic memory'. If a storage medium is made of tremendous numbers of fine magnetic particles having the same shape and size which
Longitudinal spinic storage (LSS)
We suppose that ferromagnetic single-domain elongated fine particles of L in length and R in diameter are systematically arranged and oriented in the longitudinal direction (Fig. 3) . When the direction of spins or magnetization in a particle can be changed one by one to positive or negative In LSS, however, a strong mutual repelling force is applied between the particles where data of '1' is written.
The magnetization directions are thus tilted from the easy to hard magnetization direction or from the longitudinal to perpendicular direction. The magnetization may be made anti-parallel and finally be made to reverse, depending on the circumstances.
To avoid such instability, the magnetic particles should be made as small as possible and should be arranged in only a single layer of particles on a substrate to reduce the repelling force. Furthermore, to resist the repelling force, the magnetic anisotropy of the particles should be made as intense as possible and the easy axis should be arranged as much in a head traveling direction as possible. These conditions correspond to making a magnetic layer of recording media as thin and the coercive force as high as possible in the current high-density magnetic media.
Perpendicular spinic storage (PSS)
If spinic storage media are made so that the easy magnetization axes of particles are perpendicular to the substrate, '1' or '0' can be written by making the magnetization direction anti-parallel or parallel (Fig. 4) . The data written between the magnetic particles can be read by detecting whether the polarity of the magnetic field is reversed or not.
This can be called 'perpendicular spinic storage (PSS)', because this is the ultimate state in perpendicular magnetic recording [2] .
Since attractive forces act on each particle magnetized in Therefore a '0' is never changed to a'l'.
In PSS, a data row can be written stably even at an extremely high density of bit interval R corresponding to the diameter of an elongated acicular or columnar magnetic particle. If the minimum bit area can be roughly estimated by R2, PSS has the potential of 4 Th/cm 2 or 25 Th/inch 2 when the length L of a columnar particle is assumed to be SO om and diameter R, Snm.
Background
conducted assuming a head-to-media spacing of 20 om.
A larger exponent in the equations indicates a closer correlation. From the product of equations (1) and (2) From the product of equations (4) and (5) A narrower uht; of the data storage layer causes higher rectangularity of the M-H loops measured in the easy magnetization direction [5] . A larger M. of the storage layer induces stronger magneto-static interaction with a single-pole head, which results in the stronger and sharper perpendicular field distribution of the head [6] . These facts imply that the high-density recording in PSS is determined only by the rectangularity of M-H loop of a medium and the sharpness of the magnetic field distribution of a head, because interparticle interaction or demagnetizing fields do not affect the high-density storage in PSS.
A perpendicularly oriented Co-Cr alloy film developed for perpendicular magnetic recording consists of Co-rich hcp crystalline fine magnetic columnar particles, growing perpendicularly from the substrate and bounded by a Cr-rich non-magnetic thin layer [7] . The uht;, representing the dispersion of particle coercivity he' strongly correlates wjth an intensity of X -ray diffraction from the (002) plane of hcp crystalline particles (Fig. 5) [5] . This means that a higher crystallinity of particles results in a narrower uht; and a higher M-H loop rectangularity of the medium.
Consequently, we can conclude that an extremely high areal bit density of several Th/cm 2 which corresponds to a bit area reaching the cross sectional area of an elongated magnetic crystalline particle will be achieved only by PSS, in which a single-pole head is combined with a perpendicularly oriented particulate data storage layer backed with a soft magnetic underlayer.
Recent magnetic media
Magnetic storage media are fundamentally assemblies of ferromagnetic acicular fine particles of several hundreds nanometer in length and several tens nanometer in diameter.
A higher storage density and a lower media noise are produced by particulate magnetic media made of finer particles dispersed uniformly. Ba-ferrite particles developed for high-density recording are much finer hexagonal-platelets of several tens namometer in diameter and several nanometer in thickness [8] .
On the other hand, it has been shown that perpendicularly oriented Co-Cr columnar particulate films developed for perpendicular magnetic recording exhibit a much lower medium noise independently of bit density [9] . Since then, longitudinally anisotropic Co-Cr-M system alloy thin films were developed for longitudinal magnetic recording with a higher density and a lower noise. They are deposited by sputtering on the tops of non-magnetic Cr columnar particles of several tens nanometer in diameter growing perpendicularly from the substrate (Fig. 6 ) [10] .
In recent longitudinal magnetic recording, bit area has been gradual1y decreasing while bit density has been increasing. If a storage medium is an assembly of particles of several tens nanometer in diameter, a bit may be written in several ten-thousands of particles in the current diskdrive of 400 Mb/inch 2 but it will be written in several thousands of particles in the next disk-drives of 2 Gb/inch 2 In contrast, we have already confinned many times by [11] , and moreover, several hundreds of particles in the experiments [4, 6, 13] and also by computer simulations [4, future ones of 10 Gb/inch 2 [12] . 14] that an extremely high bit density recording exceeding 25 kFRPM or 600 kFRPI is achievable through perpendicular magnetic recording. The bit interval of several tens of nanometers corresponds to the diameter of several columns of Co-Cr crystalline particles (Fig. 7) . Supposing that the same writing resolution can be realized in the directions of head track width and head traveling, we can expect that a bit will be written in several tens of particles, which corresponds to a bit area of several thousands square-nanometers or an areal bit density of several tens gigabits per square-centimeters.
Although we do not yet have any method for writing each bit into individual magnetic particles and reading these out, we can conclude that magnetic storage technologies will be surely and gradually moving toward the era of spinic data storage. 
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Main-pole thick width (MPTW) writing
Usua]]y a single-pole head travels parallel to the mainpole thickness for writing and reading. Thus the main-pole width W .. corresponds to the track width~. To make a track narrow, the main-pole film must be made narrow by etching. However, it is difficult to achieve the width of less than 1 pm.
The magnetic field distribution at the edges of a mainpole of a single-pole head is as sharp along the direction parallel to the width as it is along the thickness direction (Fig. 9) [15] . We attempted a sub-micron track width and read collectively by a single track head.
writing by traveling a single-pole head along the direction narrower tracks of about 400 run in width were confinned parallel to the main-pole width. We call this 'main-pole even at SOOO FRPM. Bit areas were about 0.05 f.Illl2 correthick width (MPTW) writing'. The track width ~ was sponding to about 13 Gb/inch 2 in guardbandless writing.
reduced to the main-pole thickness Tm of several hundreds nanometer, which can easily and accurately be controlled by only the deposition rate and time. (Fig. 10 ) [16] . Furthennore, several experiments on MPTW track writing have been conducted with a single-pole head of 300 run in main-pole thickness, and the magnetized states have been observed by magnetic force microscopy (MFM) [15, 16] (Fig. 11) . Much sharper and Gb/cm 2 , or about 10 Gb/inchZ, will be accomplished at a linear bit density of around 8 to 10 KFRPM. If more effective signal processing for DWCR and more precise two-dimensional microprocessing for making a multipletrack head can be developed, areal bit density will be increased significantly and will approached that of PSS.
Conclusions
Magnetic recording media essentially have the potential of an extremely high density exceeding 1 Tb/inch 2 at which a Table I Data conversion between serial 4 bit data row and bit area corresponds to the size of a ferromagnetic single-16-valued reading flux in DWCR with a multiple 4 track domain fine particle or a parallel spin cluster. However we writing head and a single-track reading head.
do not yet have a technique by which we can write each bit in each magnetic particle or each spin cluster and read them out. Although we are now writing and reading out data in several ten thousands of particles, the readable number of particles is decreasing year by year (from several thousands to several hundreds or tens) with increasing reading head sensitivity. In other words, magnetic recording is approaching spinic data storage.
To realize real spinic storage, a novel manufacturing method should be developed for spinic storage media and novel signal processing should be introduced for DWCR.
A spinic storage head like a combination of a multiple track writing head and a single track inductive or magnetoresistive reading head should be developed to facilitate DWCR signal processing.
The author wishes to thank the members of his group, -169 - 
